F amilial hypercholesterolemia (FH) is an autosomal dominant disorder characterized by lifelong elevation of low-density lipoprotein (LDL) cholesterol levels, tendon xanthomas, and early-onset coronary heart disease (CHD). 1 The commonest underlying molecular defects are mutant alleles of the LDL receptor gene (LDLR) 1 or of the gene encoding apolipoprotein (apo) B, the ligand for the LDLR in LDL particles. 2 Recently, defects at a third locus causing monogenic hypercholesterolemia, protein convertase subtilisin/kexin type 9 (PCSK9), have been identified. 3 Despite the use of stringent clinical criteria, only the detection of molecular defects provides an unequivocal diagnosis of FH. 4 Heterozygosity for functional mutations of LDLR is the most frequent and best characterized cause of FH. 1, 5 More than 900 LDLR mutations have been reported to date (http:// www.ucl.ac.uk/ldlr/Current), and specific defects with a differential effect on residual receptor function affect both the lipid phenotype and CHD risk. 6, 7 In contrast, only a small number of functional mutations have been identified in APOB, which are usually associated with a milder lipid phenotype. 8 If the type of genetic defect influences the risk for CHD, it will also affect atherosclerosis in other arterial beds that can be evaluated by imaging techniques.
B-mode ultrasound is a noninvasive imaging technique useful in the assessment of atherosclerosis in large arteries, such as the carotid and femoral arteries. 9 The pathogenic associations and predictive power of carotid intima-media thickness (IMT) have received much attention, and carotid IMT is an accepted surrogate marker for atherosclerotic disease. 10 Although less investigated than carotid IMT, femoral IMT is also associated with cardiovascular risk factors in different populations 9, [11] [12] [13] and can serve as an intermediate phenotype for cardiovascular risk 14, 15 and a surrogate end point for the efficacy of intervention on the arterial wall. 16 In a recent prospective study, 17 femoral plaque, an advanced stage of increased IMT, had predictive value for future cardiovascular events.
There is a paucity of data on sonographic measurements of femoral atherosclerosis in FH. Femoral IMT was increased in FH patients when compared with healthy controls 18, 19 or to subjects with non-FH hypercholesterolemia, 12, 20 and was a better predictor of CHD severity than carotid IMT. 15 Also, statin treatment influences femoral IMT to a greater extent than carotid IMT in FH. 16 One study categorized femoral IMT by the type of LDLR and APOB defects and found no differences among groups with mutations of different severity. 20 Plaque burden was not evaluated in this study. To gain more insight into the pathogenic significance of femoral atherosclerosis in FH and the relevance of genetic screening, we performed femoral sonography for evaluation of both IMT and plaque burden in 146 FH patients who were classified according to the severity of the molecular defect and compared the findings with those of a control population.
Methods

Subjects
From March 1998 to April 2006, we assessed 146 consecutive adults in whom a molecular diagnosis of FH was obtained. All patients had been referred by primary care physicians to the Lipid Clinic of Hospital Clínic in Barcelona for diagnosis of severe hypercholesterolemia or because of alleged refractoriness to treatment. Within 2 to 6 weeks of the first visit, subjects underwent sonographic assessment of femoral atherosclerosis according to a protocol approved by the local review board and provided informed consent.
Subjects with clinical FH are recruited into the Spanish FH Register and submitted to DNA testing for identification of LDLR and APOB mutations following a standard protocol. 21 During the same period, we evaluated 193 healthy control subjects, who were recruited from hospital personnel and lists of primary health physicians and were matched for sex and age to FH patients.
Clinical and Laboratory Characteristics
All subjects were assessed for family history of early-onset CHD, clinical history, medication use, demographic characteristics, cardiovascular risk factors, and presence of tendon xanthomas. In asymptomatic subjects, fasting blood for baseline biochemical profiles was drawn after at least 4 weeks without hypolipidemic drug treatment. In patients with prior CHD, baseline lipid values were obtained from clinical records. For details in the procedures, please see the supplemental materials (available online at http://atvb.ahajournals.org).
Molecular Testing
LDLR gene mutations and the presence of the R3500Q mutation within the putative receptor-binding region of the APOB gene were assessed in genomic DNA by standard methods. For details, please see the supplemental materials.
Functional LDLR mutations may be classified into different types based on biosynthetic and functional studies of fibroblast cell strains. 1 For the purpose of this study, we classified mutations into 3 groups: (1) null alleles, namely, disruptions of the promoter sequence, large rearrangements, nonsense, frameshift, or mutations resulting in a deletion of the translation initiation signal and early stop codons, which result in no protein synthesis; (2) receptordefective alleles, that is, transcription and missense defects that do not completely suppress the function of the protein, which has residual receptor activity; and (3) undetermined receptor activity alleles, which are splicing defects with an unknown effect on protein function. APOB mutations were analyzed separately of LDLR defects because they are known to produce a less severe phenotype, 22 which has also been shown in Spanish FH cohorts. 23 The identified mutations are listed in supplemental Table I . A total of 60 different mutations were detected in 146 subjects, resulting in 48 null alleles, 62 receptor-defective alleles, 11 APOB mutations, and 25 defects with undetermined residual function. We included 2 missense defects (C176 years and G528D) among null alleles because evidences were provided of equivalent and negligible residual receptor activity (http://www.ucl.ac.uk/ldlr/Current).
Femoral Ultrasonography
A standardized imaging protocol was used for the IMT measurements. The primary variable was mean common femoral IMT and secondary variables were maximum femoral IMT, plaque presence, and plaque score. For description of the technique, please see the supplemental materials.
Results
Clinical Features and Lipid Profiles
Of the 146 FH subjects, 123 were asymptomatic and 23 had a history of CHD, confirmed in all cases by review of medical records (16 myocardial infarction and 7 angina). No patient had symptoms suggestive of peripheral arterial disease. Table  1 shows the clinical characteristics and lipid levels of the FH and control groups. FH subjects with CHD differed from asymptomatic FH subjects in that they were older, were predominantly male, and had a higher frequency of hypertension. Lipid profiles were similar between groups except for lower HDL cholesterol in patients with CHD. As expected from study design, FH subjects showed a higher number and potency of cardiovascular risk factors than healthy controls.
At the time of referral to our Lipid Clinic, 73 subjects were treatment-naive and 73 subjects had been treated previously with lipid-lowering drugs, including all 23 patients with prior CHD (51 statins, 10 fibrates, 4 resins, and 8 combined treatments), for a median period of 36 months (range, 6 to 72 months). Those treated with statins had received an average daily dose with potency equivalent to 30 mg simvastatin (range, 10 to 80 mg). Such small average doses of statins indicate ineffective cholesterol-lowering treatment.
The clinical features of FH groups by mutational class are shown in Table 2 . Subjects with the R3500Q APOB mutation showed the least frequency of xanthomas and the mildest lipid phenotype, but there were no significant differences compared with those with defective or undetermined alleles. The frequency of both prior CHD and Achilles tendon xanthomas was Ϸ2-fold higher in subjects with null alleles than in those with defective alleles. The null-allele genotype showed a more severe lipid phenotype than the defective allele group, without significant differences. Subjects with undetermined alleles and APOB mutations had higher HDL cholesterol and lower cholesterol/HDL ratios than those with null alleles. Because of the unknown residual LDLR function in subjects with undetermined alleles, they were excluded from analyses in which the severity of the genetic defect was the variable under consideration.
Associations of Femoral IMT and Plaque
Among both FH subjects and controls, highly significant correlations existed between mean IMT and age for either sex, with r-values ranging from 0.275 to 0.545 (PϽ0.001; all). Therefore, sonographic measurements of femoral atherosclerosis were adjusted for sex and age (Table 3 ). FH patients with or without CHD had higher IMT and plaque values than controls, and those with CHD had the highest values. There were also differences in adjusted mean IMT between smokers and nonsmokers (Pϭ0.033). Adjusted mean IMT and median plaque score were 1.08 mm and 2.30 mm in patients treated with hypolipidemic drugs and 0.88 mm and 2.69 mm in those who were treatment-naïve, respectively (PϾ0.1; both).
Additional significant (PϽ0.001) correlates of mean IMT in FH were systolic (rϭ0.419) and diastolic blood pressure (rϭ0.288), glucose (rϭ0.310), total cholesterol (rϭ0.301), LDL cholesterol (rϭ0.283), apoB (rϭ0.405), and the cholesterol/HDL ratio (rϭ0.281). For all these variables, the correlations were somewhat attenuated after IMT was corrected for age and sex (data not shown). The slopes of the regression lines indicate that IMT increased with age in the order null alleles Ͼdefective alleles ϾAPOB defects Ͼcontrol subjects. IMT increased nonsignificantly (Pϭ0.230) more with age in patients with null alleles than in those with defective alleles, whereas the IMT of both groups increased significantly (PϽ0.001) more with age than that of patients with APOB mutations or control subjects.
In patients with null alleles compared with those with defective alleles or APOB mutations, unadjusted mean IMT and plaque scores were nonsignificantly higher, whereas maximum IMT was significantly increased (Pϭ0.009). Adjustment for sex and age enhanced the differences, which became significant for mean IMT (Pϭ0.037). Differences in IMT, however, were still significant only for maximum IMT after further adjustment for LDL cholesterol (Figure 2 ). Additional adjustment for HDL cholesterol or the apoB level had little effect on the results (data not shown).
Predictors of Femoral IMT by Multivariate Analyses
After adjustment for various confounders, independent associations of mean IMT by stepwise multiple regression analysis in 121 FH patients (undetermined alleles excluded) were age, LDL cholesterol, systolic blood pressure, and gender (negative for women) in this order (adjusted R 2 ϭ0.311; Table  4 ). When maximum IMT was the dependent variable, the factors independently associated were age, presence of null allele, gender, and smoking, explaining together 42% of its variability. Finally, age was the sole independent factor associated with plaque score. When the apoB level was allowed into the model, this variable replaced LDL cholesterol as an association of mean IMT and slightly increased the overall information (adjusted R 2 ϭ0.347). Also, apoB was associated with maximum IMT and smoking fell off the equation, with adjusted R 2 ϭ0.437. Finally, apoB was associated with plaque score and increased the information of the model (R 2 ϭ0.272). Entering the cholesterol/HDL or ApoB/ ApoAI ratios into the regression analysis added no more overall information. The results of multivariate analysis did not materially change when CHD patients were excluded.
Discussion
The major novel finding of this study is that patients with a molecular diagnosis of FH characterized by null allele (receptor-negative) mutations of the LDLR gene show more advanced femoral atherosclerosis than those with receptordefective mutations or APOB defects, independently of gender, age, and untreated LDL cholesterol levels. Inasmuch as femoral atherosclerosis is an intermediate marker of CHD risk 9,14 -16 that has predictive value of future CHD events, 17 these findings have implications for the diagnosis and management of FH. They also support the utility of obtaining a molecular diagnosis in patients with clinical FH.
Several studies in FH cohorts genetically heterogeneous like the present one have shown that LDLR-null allele variants are associated with more severe lipid phenotypes, increased prevalence of xanthomas, and higher CHD risk than receptor-defective mutations. 6, 7, [23] [24] [25] Few investigations have dealt with the differential effect of LDLR mutational class on carotid IMT in sizeable FH cohorts. 20, 26, 27 The studies of Descamps et al 20 and Tonstad et al 26 found a tendency to higher unadjusted carotid IMT in adult FH patients with null alleles compared with those with defective alleles, whereas the study of Koeijvoets et al, 27 with higher statistical power, found significant differences in mean carotid IMT between FH children carriers of null alleles and receptor-defective 
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mutations, independently of the LDL cholesterol level. Descamps et al 20 also evaluated allele-specific associations of mean femoral IMT and again found a tendency to higher IMT in null alleles, but only in women. We found a tendency to higher adjusted mean femoral IMT and a significantly higher maximum femoral IMT (namely, worse advanced atherosclerosis) in carriers of null alleles versus receptor-defective or APOB defects. Adjusted plaque scores, a measure of the overall atherosclerotic burden not previously investigated in FH, tended to be higher in null alleles. Multivariate analyses with inclusion of LDL cholesterol and apoB levels as confounders also showed that the null-allele genotype was independently associated with advanced femoral atherosclerosis, as assessed by maximum IMT. Although this finding should be confirmed in studies of larger FH cohorts with more statistical power, it suggests that factors beyond a higher load of atherogenic lipoprotein particles are implicated in atherogenesis in this population. Patients with null alleles had nonsignificantly lower HDL cholesterol than those with defective alleles, but the differences persisted after IMT was adjusted for this variable. Possibly lifelong, severely elevated LDL cholesterol levels trigger other self sustaining atherogenic mechanisms, such as inflammation and immune activation, which begin early in life 28 and are enhanced in patients with more severe clinical phenotypes. 29, 30 This is certainly an avenue of research worth pursuing. The markedly increased femoral IMT and plaque burden observed in asymptomatic FH subjects in comparison to healthy controls is in line with the enhanced risk for CHD of the FH phenotype. 1, 6, 7 In proof, FH patients with prior CHD had significantly higher IMT and plaque scores than asymptomatic ones (Table 3) . As shown in Figure 1 , the annual progression rate of mean femoral IMT in FH subjects with null and defective alleles was nearly 4-fold and 3-fold, respectively, that of sex-and age-matched control subjects. From the slopes of the regression lines of IMT versus age, it can be estimated that on average healthy controls reach an IMT of 1.0 mm at 65 years of age, whereas FH subjects with null alleles, defective alleles, and APOB defects attain this value at ages 30, 40, and 50 years, respectively. De Groot et al 19 also reported that the annual progression rate of averaged carotid and femoral IMT in pooled FH subjects doubled that of healthy controls. As expected, age was a strong independent association of all measurements of femoral atherosclerosis at multivariate analysis. Interestingly, when the apoB level was allowed into the equations in lieu of the LDL cholesterol value it had a strong multivariate association with all femoral IMT measurements and increased the predictive value of each model. This supports the potential of apoB to provide an overall measure of all atherogenic particles. Smoking, a strong risk factor for femoral atherosclerosis, 31 was weakly associated with maximum IMT but not with mean IMT or the plaque score. A likely reason is that there were few smokers among asymptomatic subjects, thus reducing statistical power. Predictably from the well known delay in onset of CHD in FH women compared with men, 1,6 the female gender was independently and inversely associated with IMT.
Our study has the strengths of a cross-sectional design in a large series of molecularly defined FH patients not receiving effective hypolipidemic drug treatment that could have influenced IMT. A limitation of the study is that our cohort is representative of patients with FH as they present to a Lipid Clinic with a severe lipid phenotype, but not of those still undiagnosed within their families or the general population, who may have milder lipid phenotypes and a lower risk for atherosclerosis. 32 Another limitation is that the third genetic locus involved in causing the FH phenotype, PCSK9, was not screened for. However, PCSK9 mutations are a rare cause of FH in genetically heterogeneous European populations. 4, 33 Finally, our classification of mutations within the functional categories may be subjected to error when no studies of residual receptor function are available, as the prediction based on specific Variables allowed to enter the model were age, gender, previous cholesterol-lowering treatment, tendon xanthomas, family history of early-onset CHD, smoking habit, body mass index, systolic and diastolic blood pressure, glucose, LDL cholesterol, HDL cholesterol, log triglycerides, log lipoprotein(a), and mutational class.
disruption of the LDLR protein does not necessarily follow a canonical rule. 34 Still, the allocation of genetic defects to functional classes in supplemental Table I is updated to present knowledge (http://www.ucl.ac.uk/ldlr/Current).
Several groups have reported the clinical utility of molecular diagnosis in patients with FH. 7, 25, 26, 35 An important question is whether the genetic diagnosis of FH could help in the selection of patients at greater CHD risk among clinically indistinguishable patients, who therefore deserve more aggressive intervention for risk factor reduction. In agreement with previous data, 27 our results suggest that selection of null alleles might identify FH subjects with the highest CHD risk who may then be considered for more aggressive cholesterol-lowering treatment.
In conclusion, FH patients have more femoral atherosclerosis than control subjects in strong association with the presence of null allele mutations. These findings support the usefulness of genetic testing in FH beyond securing the diagnosis.
Molecular testing
The methods used to screen genomic DNA for LDLR gene mutations and the R3500Q mutation in the APOB gene have been described previously.
1,2 For assessing LDLR gene mutations, the promoter region, the translated exon sequences, the exon-intron boundaries, and short proximal intronic sequences of the LDLR gene were individually amplified by PCR, and subsequently analyzed by SSCP. Purified PCR products from DNA samples with abnormal SSCP patterns were directly sequenced. Mutation nomenclature followed present HGSV recommendations (http://www.hgvs.org). Nucleotide numbering was based on the cDNA sequence, with position +1 being the A of the ATG translation initiation codon and aminoacid numbering with position +1 being the translation initiator methionine. Large rearrangements in the LDLR gene were analyzed using a method based on quantitative fluorescent multiplex PCR.
Since early 2004, DNA was screened for LDLR and APOB gene defects by using a microrarray (Lipochip®, Progenika Biopharma, Derio, Spain) designed to detect the more prevalent mutations in the Spanish population, which is periodically updated as new mutations are identified. 3 When no mutations were detected, the LDLR gene was sequenced as described above to search for mutations not included in the microarray design.
Statistical analyses
Data are presented as means (±SD) for continuous variables (medians and interquartile ranges for variables with a skewed distribution) and as frequencies or percentages for categorical variables. Differences in mean values were assessed using analyses of variance and t-tests. Categorical variables were compared using chi-square tests. Pearson correlation coefficients were constructed to test for relationships between continuous variables. Because predictably IMT was strongly related to age and showed sex differences, age and sex-adjusted IMT values were used when examining associations with other variables. ANOVA statistics were used to test adjusted femoral measurements depending on the type of mutation, using post-hoc Bonferroni testing for assessment of group differences. We used stepwise multiple regression analyses to test the associations of various cofactors with IMT and plaque scores. Two-sided P<0.05 was considered significant. SPSS software (version 12.0) was used.
